Purpose: We explored whether advanced magnetic resonance (MR) imaging techniques could grade oligodendrogliomas. Methods: Forty patients (age 9-61 years) with oligodendroglial tumors were selected. There were 23 patients with World Health Organization grade II (group 1) and 17 patients with grade III (group 2) tumors. Apparent diffusion coefficient (ADC) maps were calculated by b values of 0 and 1000 s/mm 2 . Dynamic susceptibility contrast (DSC) images were obtained during the first pass of a bolus of gadolinium-based contrast. These data were post-processed and cerebral blood volume (CBV) maps and permeability (PS) were calculated. MR spectroscopy was acquired after drawing a region of interest on the tumor using two-dimensional chemical shift imaging. Statistical analysis was performed using SPSS software. Results: When the rPS max was combined with the rCBV max , there was a significant difference between the two groups (p 0.03) with area under the curve of 0.742 (95% CI: 0.412-0.904). rCBV, rADC, choline/creatine, and choline/NAA alone were able to differentiate between the two groups; however, they did not show any statistical difference with p values of 0.121, 0.722, and 0.582, respectively. A CBV PS product threshold of 0.53 provided a sensitivity of 80% and a specificity of 83.3% in detection of grade III tumors. Conclusion: Combined rCBV max and rPS max can be utilized to grade oligodendrogliomas. ADC values, relative cerebral blood volume (rCBV), and MR spectroscopy alone can be utilized to differentiate between the two groups of oligodendrogliomas but without statistical significance.
Introduction
Gliomas can be classified as astroglial, oligodendroglial or oligoastrocytoma based on the cell population. Oligodendrogliomas together with mixed oligoastrocytomas constitute 5%-20% of all gliomas. 1, 2 However, in recently published consensus guidelines for nervous system tumor classification and grading, the International Society of Neuropathology proposes that both histopathologically diagnosed oligodendrogliomas and oligoastrocytomas with the 1 p/19q codeletion be classified as oligodendrogliomas. 3 Tumors without the 1 p/19q codeletion would be classified as ''diffuse glioma of the oligodendroglial phenotype'' and as ''diffuse astrocytoma'' in cases of histopathological appearance of oligodendroglioma and oligoastrocytoma, respectively. With the incorporation of molecular information, the diagnosis of oligoastrocytomas would thus cease to exist; however, for the simplification of our current study, we still used the term oligoastrocytoma. The detectability of oligodendroglial and astroglial tumors with an oligodendroglial component is rising thanks to improved histopathologic techniques. However, in some situations such as tumor location in eloquent areas or deeper areas of the brain, complete removal of the tumor may not be possible, which may lead to misdiagnosis (mostly undergrading) on histopathology and may affect management and prognosis. 4 The imaging characteristics on anatomical imaging have been described that are useful to differentiate oligodendroglial tumors from astrocytic tumors but have a limited role in grading these tumors. 5 Advanced magnetic resonance imaging (MRI) and functional imaging techniques are being increasingly used in the clinical routine. 6 Various authors have studied the role of computed tomography perfusion and permeability surface (PS), 7 diffusion, 8 MR spectroscopy, 9 MR perfusion, 10 and positron-emission tomography imaging, 11 though there has been variable success in differentiating grades of oligodendrogliomas. The purpose of our study was to investigate and compare the diagnostic utility of combining various advanced imaging parameters in the differential diagnosis of the different grades of oligodendrogliomas. Various advanced imaging parameters that we studied include a quantitative apparent diffusion coefficient (ADC) value, relative cerebral blood volume (rCBV), and permeability surface area product (PS) values obtained from dynamic susceptibility contrast (DSC) perfusion imaging as well as choline-to-creatine (Chol/Cr) ratio and choline-to-N-acetylaspartate (Chol/NAA) ratio in MR spectroscopy.
Material and methods

Patient selection
From our database, we searched for patients with brain tumors with an oligodendroglial component. A total of 40 patients (age 9-61 years) matched our criteria and were found to have undergone advanced MRI. There were 23 patients with World Health Organization (WHO) grade II tumor or group 1 (16 patients with oligodendroglioma, OII and seven patients with oligoastrocytoma, OAII) and 17 patients with anaplastic/grade III tumors or group 2 (four patients with OIII and 13 patients with OAIII).
Conventional MRI
All MRI examinations were performed on a 1.5-T whole-body MR unit (Signa; GE Medical Systems, Milwaukee, WI). The conventional MRI examinations included unenhanced T1-weighted imaging (T1-WI), fluid-attenuated inversion-recovery (FLAIR) imaging. Post-contrast T1-WIs in three planes were obtained following acquisition of DSC imaging.
Diffusion imaging
Diffusion-weighted (DW) images (repetition time (TR)/ echo time (TE)/number of excitations (NEX), 10,000/ 125/1; B ¼ 1000) were acquired before injection of intravenous contrast. A 5-mm section thickness with 1-mm spacing, a field of view of 24 cm, and a matrix size of 128 Â 128 were obtained. ADC maps were calculated from DW images using b values of 0 and 1000 s/mm 2 . Areas showing minimum ADC values were determined for each section in which the tumor was visible. At least four regions of interest (ROIs) measuring 0.09-0.44 cm 2 were drawn within the lesions by a single author blinded to the histopathologic results. Gross areas of necrosis, calcification, and artifacts were avoided. A single ROI was drawn in the normal-appearing white matter (NAWM). The normalized ADC was calculated by dividing the minimum ADC measurement in the lesion by the ADC measurement in NAWM (rADC min ). Areas of abnormal WM were avoided, as were areas of immature myelination in infants. 12 
DSC
DSC images were obtained by using a gradient-recalled T2*-weighted echo-planar imaging sequence. Parameters used were TR/TE 1500/50 ms, flip angle 80 degrees, NEX 1, matrix size 128 Â 96, and section thickness 6 mm. The relative cerebral blood volume (rCBV) maps were calculated using an algorithm for deconvolution. Raw perfusion-weighted MR data was processed offline on the Lund perfusion program. Implementation of a correction algorithm for T1 effects from blood-brain barrier leakage, as described in Haselhorst et al., 13 was applied in all cases. Before starting the contrast agent injection, the first 10 acquisitions of a total of 60 image volumes were selected to establish a pre-contrast baseline. After acquisition of the first 10 image volumes, a total of 0.15 mmol/kg of body weight gadopentetate dimeglumine was injected at a rate of 5 ml/s followed by a 20-ml bolus of saline injection at the same rate of 5 ml/s through an 18 -or 20-G intravenous catheter. A total of 12 contiguous axial sections were chosen for the analysis on the basis of lesion extent determined by the pre-contrast T2-FLAIR images.
rCBV measurement
Post-processing of images was conducted on a different workstation by one author (RM), who was blinded to the histological findings at the time of analysis. Reference was made with conventional imaging during calculation of rCBV. ROIs were drawn around the most enhancing part of the tumor on contrast-enhanced T1-WI axial images and images were transferred onto co-registered DSC perfusion maps (Figure 1(c) ). Multiple ROIs of 30-50 mm 2 were drawn over four or five hot perfused spots, and the highest value, i.e. rCBV max , was picked. Raw data of perfusion images as well as T1-WI and T2-weighted images were used to ensure that ROIs did not include apparent blood vessels or any hemorrhage. Another ROI with an approximate size of 30-50 mm 2 was drawn in the contralateral NAWM as a standard internal reference. The rCBV ratio was obtained by dividing the rCBV values of the lesion by the contralateral NAWM.
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PS
The same DSC software generates PS mapping along with other perfusion parameters. PS was calculated by the first-pass model described by Weisskoff et al. 15 This method determines PS, which characterizes the diffusion of some of the contrast agent from the tumor vessels into the interstitium due to a deficient blood-brain barrier. PS values were selected separately and independently from the ROIs of the rCBV values from PS maps (Figure 1(d) ). A total of four ROIs with maximum PS values were placed on the leakage maps.
The maximum value of the four ROIs was normalized to contralateral WM, and maximum relative permeability surface product (rPS max ) was obtained.
MR spectroscopy
Two-dimensional chemical shift imaging MR spectroscopy was acquired by having water saturation with point-resolved saturation (PRESS) with a TE of 144 and placing a voxel on the enhancing area on the T1-post-gadolinium images or on the solid portion of the lesion on T2-FLAIR images. Spectroscopic data were analyzed using the automated analysis software provided by the vendor. Voxels with the highest Chol/ Cr and Cho/NAA ratio were selected to represent the tumor.
Statistical analysis
Statistical analysis was performed on IBM SPSS statistics, version 24.0 (IBM, Chicago, IL) software, and the Mann-Whitney test was used to test the statistical mean values and the standard deviation (SD). Receiver operating characteristic (ROC) curve was analyzed for various parameters with statistically significant differences in regard to their ability to differentiate different grades of oligodendrogliomas ( Figure 2 ). The area under the curve (AUC) of various MR parameters was computed to determine which continuous variables were the most predictive for differentiating grades ( Table 1 ). The p values of all MR variables were calculated by utilizing a one-way analysis of variance (ANOVA) test. A p value of < 0.05 was considered statistically significant. Optimum thresholds were chosen from ROC curves to define the maximum sensitivity and specificity.
Results
The mean values and the SDs of rADC min , Cho/Cr, Cho/NAA, rPS max , and rCBV max and results of the t test for grade II and grade III are detailed in Table 2 .
For the purpose of simplification we will use minimum rADC min as ADC, rPS max as rPS, and rCBV max as rCBV interchangeably. The mean values of ADC were lower in grade III as compared to grade II but did not show a statistically significant difference (p ¼ 0.121). The rPS, rCBV, Cho/Cr, and Cho/NAA Table 2 ). The rCBV, Cho/Cr, and Cho/NAA did not show a significant difference ( Table 2) . The ROC analysis for rCBV, rPS, Chol/NAA, rCBV þ rPS, and rPS þ Chol/NAA between grade II and grade III gliomas is shown in Figure 2 . The rCBV max of grade II (23 patients) and grade III tumors (17 patients) was found to be 2.17 AE 1.66 SD and 2.84 AE 1.69 SD, respectively. The one-way ANOVA test (Table 2) showed no significant difference between the two groups with a p value of 0.236. However, the rPS max was found to be low in the lowgrade oligodendroglial lesions that showed high rCBV. When the rPS max obtained from the DSC maps was combined with the rCBV max , there was a significant difference between the two groups (p 0.03) with AUC of 0.742 (95% confidence interval (CI): 0.412-0.904) ( Table 1 ). The ADC of grade II (22 patients) and grade III tumors (13 patients) was found to be 1.40 AE 0.322 SD and 1.206 AE 0.425 SD, respectively. There was no statistical difference between these two groups with a p value 0.121. The Chol/Cr ratio of grade II (12 patients) and grade III tumor (10 patients) was found to be 2.98 AE 2.7 SD and 3.24 AE 3.47 SD, respectively. Again, there was no statistical difference between the two groups with a p value 0.847. The Chol/NAA ratio of grade II (12 patients) and grade III tumor (10 patients) was found to be 3.06 AE 1.67 SD and 5.06 AE 4.93 SD, respectively. Also, there was no statistical difference between the two groups with a p value 0.203. The lactate peak was found in 25% of the low-grade group and 50% of the high-grade group. A CBV threshold of 1.69 provided a sensitivity of 70% and a specificity of 58.3%. rPS max of 0.20 provided a sensitivity of 60% and a specificity of 58.3%. The CBV permeability product threshold of 0.53 provided a sensitivity of 80% and a specificity of 83.3% in detection of grade III tumors.
Discussion
There has been increased detection of oligodendroglial tumors thanks to improved histopathology techniques; however, in some situations, such as tumors in eloquent or deeper areas of brain, complete removal is not possible, which may lead to undergrading. Differentiation of oligodendroglioma grading is important from a prognostic and management perspective. 4 So, there has been increased emphasis on imaging for differentiation tumors grading. Various studies have reported variable success in differentiating low-grade oligodendrogliomas from high-grade oligodendrogliomas. We tried to compare the role of various advanced imaging modalities in grading of these tumors. In this study we have explored the role of MR perfusion, MR permeability, DWI, and MR spectroscopy. rCBV, which is linearly correlated with microvascular area, is the most widely used parameter for glioma grading. It has been reported that high-grade glioma can be differentiated from low-grade glioma with 95% sensitivity with an rCBV ratio cutoff value of 1.75. 16 However, these findings are not applicable to reliably differentiate between high-and low-grade oligodendrogliomas, which may have markedly elevated rCBV even when low grade. As seen in previous studies, we found high rCBV in low-grade tumors. 8 This finding of high rCBV is considered to be at least in part attributed to the focal presence of so-called ''chicken wire''-like vessels, characteristically seen on histopathological examination, seen in these low-grade tumors. 17 This is due to widely used methods of measuring maximum rCBV, which can give a false high rCBV value corresponding to focally increased vascularity. We believe this can be rectified if instead of taking the highest of four to five hot-spot values (CBV max ), a mean of four to five hot spots were to be taken into consideration for measurement (CBV mean ), as described elsewhere. 18 So, focally elevated rCBV does therefore not necessarily indicate a high-grade tumor in oligodendroglioma if rCBV max is used as a parameter of perfusion. We found rCBV in the grade III tumor to be slightly higher than grade II but the difference was not significant. Our results corroborate the studies by Jain et al. 19 and Lev et al. 20 Our study showed a potential role of PS. This method characterizes the leakage of the contrast agent from the tumor vessels into the interstitium due to a deficient blood-brain barrier. It has been proposed that vascular permeability occurring with increasing glioma grade can be evaluated noninvasively by using in vivo perfusion imaging techniques. 19 It has further been suggested that tumor vascular leakiness as depicted by PS maps could be a marker of leaky and immature vessels and probably represent sites of active angiogenesis. This also has been shown to correlate with increased vascular endothelial growth factor expression and microvascular endothelial proliferation. It is likely that this microvascular endothelial proliferation has more permeability than chicken wire-like vessels seen in low-grade oligodendroglioma. 19 In our study, both rPS and rCBV values revealed strong association with high-grade anaplastic oligodendroglial tumors showing higher rPS and rCBV as compared with low-grade tumors. We found that rPS max is more useful than rCBV. Also, when rPS max is combined with rCBV max , it provides better accuracy in predicting the grade of these tumors.
Diffusion restriction is typically absent in oligodendroglioma. 21 Average ADC values are reported to be lower in high-grade than in low-grade glioma. 21 However, DWI could not reliably distinguish grade II oligodendroglioma from grade III anaplastic oligodendroglioma because of overlap of average ADC values. 22 In a high-grade tumor, this is at least in part due to the coexistence of vasogenic edema and necrosis resulting in high ADC, and vital tumor with high cellularity resulting in lower ADC. Although few studies have been successful in differentiating low-grade tumors from high-grade, 8 research has been quite variable from study to study. Better results to reliably distinguish high-grade from low-grade glioma can be obtained using a multiparametric approach such as minimum ADC (ADC min ) value combined with other advanced and conventional MRI data. 23 Alternatively, the mean of four areas of ADC values (ADC mean ) rather than the minimum of four ADC values (ADC min ) may improve differentiation. Further studies are needed to validate the significance of CBV mean and ADC mean in differentiating grades of gliomas.
The role of MR spectroscopy in oligodendroglioma tumor grading is also variable from study to study. It has been proposed that MR spectroscopic imaging can discriminate high-grade from low-grade neoplasms by measuring cellular turnover and necrosis. 24 The typical spectrum of oligodendroglioma shows moderately elevated Cho and decreased NAA without a lactate peak. 21 The absence of a lipid/lactate peak favors oligodendroglioma over anaplastic oligodendroglioma. 21 However, in our study, lactate peak was found in 25% in the low-grade group and 50% in the highgrade group. Moreover in one study, high-grade oligodendrogliomas were distinguished from low-grade with 100% sensitivity and 83% specificity based on a Cho/ Cr ratio threshold of 2.33, 9 although our study found a high Cho/Cr ratio in grade III tumors but the difference was not statistically significant from grade II due to overlap. Our results are similar to other previous studies that could not find a statistically significant difference. 25 Diagnostic accuracy may be further enhanced if perfusion imaging can be used to guide the placement of ROIs for MR spectroscopy measurement. 26 
Limitations
We did not assess conventional MRI features in our series of oligodendroglial tumors, because this information has been previously reported. 27 This study had a relatively small sample size, and we have not analyzed pure and mixed oligodendroglial tumors separately. We did not use a pre-infusion loading dose of contrast material although we did perform leakage correction. Information about isocitrate dehydrogenase mutation and 1p/19q-codeletion has not been included in our study as it was available in very few cases, so correlation of different MRI parameters with oligodendroglioma genotype was not conducted in the present study, as has been described elsewhere.
28-31
Conclusion rPS max could be useful in grading oligodendroglial tumors. The accuracy of detection can be increased by the rCBV max and rPS max product, which may act as a noninvasive predictor of tumor grade. ADC min and other metabolic maps provided information on the cellularity and metabolic composition of oligodendroglial tumors but, although they could differentiate between the two groups, none of the parameters alone showed a statistically significant difference.
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